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Abstract: Nanoindentation and nanoscratch were used to investigate mechanical properties and 
removal characteristics of cemented tungsten carbide (WC) with fine microstructure. The elastic 
modulus and hardness of WC grains were found to be significantly greater than the respective values 
measured in cobalt binder rich regions. Few evidences of cracking or fragmentation were observed on 
the indented surfaces using in-situ atomic force microscopy. Nevertheless, pop-in events were 
observed from the indentation load-displacement relationships and associated acoustic emission 
signals were detected. Nanoscratch experiments were conducted to explore the removal mechanisms 
of the cemented WC. It revealed that the removal of the WC material varied from plastic deformation 
to fractured when the scratching load was increased. The scratching load and speed affected the 
material removal rate. 
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1 Introduction 
Tungsten carbide (WC) is a material of great technological interests due to its excellent mechanical 
properties [1], such as high hardness, corrosion resistance, chemical stability and high-temperature 
wear resistance. Cemented WC with fine microstructure is commonly used for making glass moulding 
dies or mould inserts. The fabrication of such mould inserts is usually via microgrinding [2]. 
Microgrinding is a grinding process that has a material removal unit at nanometric scale and is 
capable to machine components with feature size ranging from several to several hundreds microns 
[3]. The machine components are of high dimensional accuracy and high surface and subsurface 
integrity. In particular, when grinding a brittle material, the grinding process must be conducted in the 
ductile removal regime of the material. To successfully develop a ductile grinding process, it is 
essential to gain deep understanding of work material and the interaction between the cutting abrasive 
and the work material. This requires systematic investigations to the mechanical properties of the 
material and the effect of its microstructure on deformation and removal under microgrinding [4-5]. 
Nanoindentation has been extensively used as a tool to study the mechanical properties of materials 
[6], in particular for those materials with fine microstructure where highly localized properties need to 
be measured [7-10]. This is because a nanoindentation event is closely analogous to the penetration 
of a diamond abrasive grit into the specimen surface during nanogrinding. Similarly, nanoscratch that 
is analogous to a single-grit scratching event in a nanogrinding process is the most convenient method 
to study material removal involved in grinding at nanometric scale. Nanoscratch was used to 
investigate fundamental microstructure fracture in brittle materials [11-12] and the mechanisms of 
material removal during grinding, including plastic deformation, microstructure damage and fracture 
[13]. Previous studies showed that great efforts were directed towards investigating material fracture, 
wear and friction coefficient. Most of the studies were on thin films [14], but little was reported on brittle 
materials with fine microstructures. 
This study investigated mechanical properties and deformation characteristics of cemented WC using 
the nanoindentation and nanoscratch methods. Hardness (H) and elastic modulus (E) of the WC 
grains and binder areas were measured. Topographies of impressions were examined using in-situ 
atomic force microscope (AFM). Pop-in events from indenting processes were monitored using an AE 
sensor. Scanning electron microscope (SEM) was employed to examine WC microstructure changes. 
2 Experimental Details 
2.1 Tungsten carbide specimen 
Cemented WC with fine microstructure (Toshiba Tangaloy, Japan) is  the work material in this study. 
Cemented WC, also named as hard metal, is a material made by cementing hard tungste n mono-
  
carbide (WC) grains in a binder matrix of cobalt metal by liquid phase sintering [15]. The nominal 
Youngs modulus of the bulk material is 560 GPa [15]. Microhardness was measured using a Mitutoyo 
microhardness tester, and the value for the material is 18.1 GPa. 
The specimens were polished using diamond lapping films of grit sizes down to 0.5 mm. The final 
polishing was carried out using silica suspension with particle size 0.1 mm on a soft pad. After 
polishing, WC grains were clearly exposed. As shown in Figure 1, it is seen that the microstructure 
consists of WC grains (grey phase) and cobalt binder (black phase). The WC grains have shapes of 
nearly triangle, rectangular and trapezoidal, with sizes ranging from ~200 nm to ~1 mm. 
 
 
 
Figure 1. Microstructure of WC consists of grains (grey phase) and 
cobalt binders (black phase). 
2.2 Nanoindentation test 
Nanoindentation experiments were conducted on a Hysitron Triboindenter® nanomechanical testing 
instrument. For measuring mechanical properties, a three-sided Berkovich indenter with a tip radius of 
100 nm was used. The loads of indentation used were ranging from 500 mN to 30 mN. Indentation was 
purposely made on the grain or binder-rich regions. In-situ AFM was used to examine the surface 
topographies prior to and after indentation. 
Determination of reduced elastic modulus, Er, and hardness was undertaken from the initial part of the 
unloading segment from each indentation load-displacement curve [6], over the indenter penetration 
depths. The elastic modulus of the material, E, was computed using the reduced elastic modulus 
measured from nanoindentation using the following equation: 
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Where Ei = 1141 GPa, ui = 0.07 are the elastic modulus and the Poissons ratio of the diamond tip, 
and u = 0.27 was used for WC [15]. For monitoring the fracture events during indentation, a 90o cube 
corner diamond tip was employed, with an embedded acoustic emission (AE) sensor. To reduce the 
noise effect and get the appropriate detection of AE signals, a threshold of 69 dB was preset. 
2.3 Nanoscratch test 
Nanoscratch experiments were also conducted on the Hysitron Triboindenter®. A conical diamond 
indenter with a 3 mm tip radius was used. The scratching was carried out at a linear velocity to up to 1 
mm/s, and with maximum scratching length of 12 mm. Both normal and lateral forces were recorded. 
Normal loads ranged from 500 mN to 5 mN. 
Both top and cross-sectional surfaces of the scratches were examined using a SEM (JEOL 6300 LA). 
For the cross-sectional surface examination, a bonded-interface sectioning procedure [12] was used. 
Two polished surfaces were bonded together using super glue adhesive and then were clamped, 
leaving a thin layer of glue, approximately 1 mm thickness. The top surface for scratching was then 
polished. Nanoscratches were made perpendicular to the interface. A constant normal load of 5 mN 
and a scratching rate of 1 mm/s were employed. After scratching, the adhesive joining the interfaces 
was dissolved in acetone. Separated samples were carbon coated for SEM examination. 
3. Result and Discussion 
3.1 Nanoindentation 
AFM images of the specimens prior to and after indentation are shown in Figure 2. There were pile-
ups observed around the indents when the indentation load was greater than 2 mN. The impression 
made at 2 mN was better formed than those at larger loads (Figure 2b), where no apparent pile-ups 
  
were observed. A greater indentation loads used resulted in a larger pile-up, as can be seen from the 
AFM images in Figures 2d. There were no obvious cracks observed from the AFM examination, for 
loads up to 30 mN. It should be noted that the threshold load of 2 mN for the pile-up occurrence was 
obtained from the indentations made on the tungsten carbide grains. If the indentation was made on 
the binder-rich region, the threshold load for piling-up should be smaller. There was also a pile-up 
formed in the binder area.  
       
Figure 2. AFM images of surfaces (a) prior to and (b) after indentation at 2 mN; (c) prior to and (d) 
after indentation at 12 mN; Images (a) and (b) have a scan size of 2×2 mm, and (c) and (d) in 3×3 mm. 
Table 1. Elastic modulus and hardness values  
 
Values of E and H obtained from the nanoindentation tests are listed in Table 1.The results in Table 1 
suggest that the elastic  modulus of the WC grains is  significantly higher than that in the binder-rich 
areas. As mentioned in Section 2, the cemented WC consists of WC grains (the stronger phase in the 
material) and cobalt binders (the weaker phase in the material). Therefore, it is expected that the bulk 
modulus should be smaller than the modulus of the WC grains, but greater than that of the binder-rich 
material. It is seen that the hardness for the WC grains are greater than that measured in the binder 
rich regions, which is similar to the modulus results. However, the hardness values measured in the 
binder rich region are slightly greater than the nominal value. For the measurements conducted in the 
binder-rich region, the hardness was slightly affected by the load. When the indentation load was 
greater, the indent would cover more WC grains and the influence of the grains was thus larger, 
resulting in a slightly larger hardness. The results also suggest that the local hardness is more 
sensitive to the microstructure than elastic modulus. 
Figure 3a shows the effect of indentation load on the impression depth and the pile up height. As 
expected, the indentation depth increased almost linearly with the increasing indentation load. Pile-up 
is one of the typical surface features after nanoindentation and normally occurs on the surface when 
the indentation contact involves severe plastic deformation. The pile-up height is defined as the height 
difference between the highest point and the ground specimen surface. In Figure 3a, the pile-up height 
remained nearly unchanged at about 11 nm when the indentation load varied from 2 to 6 mN. Under 
this load range, the indentation impressions were still within WC grains. The pile-up height increased 
significantly when the load was over 6 mN. This is because the impressions were affected by the 
binders. This evidence is in agreement with the previous observation that mechanical properties 
between grain and binder rich areas are different. 
Pop-in events were frequently observed in the nanoindentation tests with a 90o cube corner tip. Figure 
3b shows an indentation load-displacement curve at a load of 8 mN, which shows a pop-in occurrence 
nearly at the end of loading. The experimental results indicated that a pop-in event could occur at any 
stage of the loading period, which was unpredictable. To confirm this, AE occurrences during 
nanoindentation were also monitored using the AE sensor. AE events occurred in nanoindentation 
were investigated by varying the indentation load. Table 2 shows the effect of indentation load on the 
occurrence rate when the loading rate was kept to 8 mN/s. It is apparent that a greater load results in 
a high occurrence rate of pop-in events. Previous studies have shown that that a pop-in event was 
often associated with a fracture event in the nanoindentation of brittle materials [16]. Nevertheless, 
when the indented surface was examined, there was no evidence of cracking observed. This suggests 
that the cracking possibly occurred in the specimen subsurface. 
Microstructure phase Elastic modulus (GPa) Hardness (GPa)
WC grain 606.3 ± 41.1 25.9 ± 3.1
Binder-rich region 484.1 ± 26.5 20.9 ± 2.4
Nominal value for bulk cemented WC 560 18
(a) (b) (c) (d) 
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Figure 3. (a) Pile-up height (rectangles) and indentation depth (circles); (b) Pop-in event associated 
with indentation process at indentation load of 8 mN. 
Table 2. Pop-in occurrence rates for various indentation loads and a constant loading rate 8 mN/s  
 
3.2 Nanoscratch 
Lateral force in nanoscratch, FL, is an important parameter to characterize the deformation and 
removal characteristics of the material being scratched. The lateral force is dependent on the normal 
load used, FN, and the material mechanical properties and microstructure characteristics. Friction 
coefficient is a parameter which is used to represent the relationship between lateral and normal 
forces. Figure 4a and 4b show the typical lateral force histories of nanoscratches on an individual WC 
grain and crossing several WC grains, respectively. As shown in Figure 4a, the lateral force on a WC 
grain slightly varied with the progress of scratching displacement. In Figure 4b, the lateral force curve 
was discontinuous at some locations along with the tip movement. The abrupt drops on the curve 
corresponded to the binder locations between two WC grains. The binder material was soft, and voids 
were often left in binder areas after polishing. When the diamond tip passed the binder areas, the tip 
thus experienced sudden drops (indicated by the arrow), which sometimes exceeded the 
displacement limit. The lateral force in Figure 4b was stable as the tip passed through the grain 
surface. The relationship between the lateral and normal force obtained from the scratching tests on 
individual WC grains was linear. An increased normal force resulted in an increase in lateral force. 
Scratch resistance, or friction coefficient, defined by the ratio of the lateral force over the normal force, 
is commonly used to represent this relationship. The friction coefficient of WC grains slightly varied 
from 0.181 to 0.192, with an average value of 0.184. This result shows that the friction coefficient of 
WC grain is independent of the applied normal load. 
Figure 5a, 5b and 5c are the SEM images of scratched surface under three different normal loads. 
The arrow indicates the scratch direction. The scratching groove at a load of 3 mN (Figure 5a) is 
relatively smooth with clear edges observed. The interior of the groove at this load was almost free of 
debris, indicating that at this load the work material was severely deformed, but not being removed. At 
a load of 4 mN, relatively small debris is visible along the scra tch edges, and the debris build-up is 
seen at the end of the scratch. The fractured grain can be observed along the scratch. The edge of the 
scratching groove at 5 mN was vague due to chipping and severe pile-ups. Figure 5d shows a typical 
sectional view underneath a nanoscratch at a load of 5 mN. The arrow in this photo points at a 
fractured WC grain in the subsurface. 
To measure the volume of material being removed during scratching, the normal displacements during 
scratching were measured. As shown in Figure 6a, the top curve was the surface profile prior to 
scratching, the middle curve was that after scratching and the bottom one was obtained during 
scratching. The difference in depth direction between the two bottom curves indicates the elastic 
recovery of the material. The depth difference between the top two curves represents the material 
being removed. With the known tip radius and the residual depths along the scratch, the material 
removal per unit length can be calculated. 
Indentation load (mN) 1 2 3 4 5 6 7 8
Occurrence rate (%) 3 17 23 37 53 57 63 70
(a) (b) 
  
Volume of material removed per unit scratch length is plotted in Figure 6b at various tip velocities, or 
scratch rates. The volume of material removal increased marginally with the increase in scratch rate 
for smaller loads of 3 and 4 mN. A substantial increase in material removal rate was obtained at a 
scratch load of 5 mN, where the scratch rate was above 0.5 mm/s. This may imply that there is a 
transitional point where the removal mode was changed from clean microcutting to grain fracture and 
dislodgment. Data from Figure 6b also implies that the normal load could be one of the critical 
parameters that affected the material removal during scratching. The scratch rate was another 
important parameter.  
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Figure 4.  Lateral force during scratching on (a) WC grain and (b) grain and binder areas. 
    
Figure 5. SEM images of scratches at loads of (a) 3 mN, (b) 4 mN and (c) 5 mN; (d) cross-sectional 
view showing the squeezed and damaged WC grains after scratching. 
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Figure 6. (a) Normal displacement profiles; (b) Volume removed per unit scratch length. 
4 Concluding remarks 
The nanoindentation approach has enabled a reliable measurement of elastic modulus and hardness 
of individual WC grains and binder rich regions. The results revealed that the microstructure of the 
material has significantly affected its  mechanical properties, and hence the deformation mechanisms. 
The pop-in events observed from the load-displacement relationships and the acoustic emissions 
detected during the indentation processes indicated that brittle fracture might occur when the 
indentation load was sufficiently great though the evidence of fracture could not be found from the 
surface of the material. The nanoscratch experiment confirmed that fractured grains did occur in WC 
subsurfaces though the loading condition was somehow different from the nanoindentation, with both 
lateral and normal loads applied. Nevertheless, the result supports the pop-in occurrence during 
(a) (b) 
(a) (b) (c) (d) 
(a) (b) 
  
nanoindentation. This study also suggests that the nanoscratch approach is an important method to 
study material removal mechanisms involving in a nanogrinding process. 
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